Abstract Genetic studies play a great role for determining the biology of bivalves, particularly those covering population genetics, phylogeny, breeding, stock management, and conservation. However, DNA sampling methods that require removal of bivalves from the water and/or opening of their shells often cause stress and damage to bivalves, which can be lethal. The invasiveness of DNA sampling has made it difficult to conduct genetic studies in threatened species, rare species, and/or breeding lineages. In the present study, we developed a non-invasive method for bivalve DNA sampling using the water-filled mantle cavity (WMC). Our method can extract DNA from a small WMC sample (about 100 ll), collected using a fine needle and syringe without opening the shell. We demonstrated that the WMC sample contains intact mitochondrial and nuclear DNA. DNA contamination from other organisms, such as adjacent bivalve individuals, did not affect the resulting PCR and DNA sequencing analyses. Finally, the individuals from whom WMC was collected remained alive for more than 2 months after the experiments. This noninvasive method will be of great assistance in investigating the genetics of bivalves.
Introduction
To explore the biology of bivalves, genetic analyses based on DNA sequencing are essential for understanding their population structure (Cordero et al., 2017; Zhang et al., 2018) , evolution (Combosch & Giribet, 2016; da Cruz Santos-Neto et al., 2018) , development, morphogenesis (Kurita et al., 2016; Morino et al., 2017) , and conservation (Geist & Kuehn, 2005; de Oliveira et al., 2017; Lopes-Lima et al., 2018) . Most bivalves have a soft body that is completely covered by two shell plates. Therefore, the shells must be opened to collect tissue samples, including mucus, for DNA extraction. Except for some species whose shells can be opened without injury (e.g., the pearl oyster Pinctada fucata), for most Handling editor: Christian Sturmbauer Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10750-018-3835-1) contains supplementary material, which is available to authorized users. species with fragile adductor muscles or small body sizes, including young individuals, injury to soft tissue is unavoidable, especially to the adductor muscles. Because bivalves have an open vascular system, injury can lead to lethal damage due to bleeding and infectious diseases. In addition, removing bivalves from their attached substrates for collection also causes significant stress to sessile species, such as oysters and giant clams. The lethal damage caused by bivalve DNA extraction has become a barrier to conducting genetic analyses on certain bivalves, including threatened species, rare species, and lineages produced by breeding.
Reported methods for bivalve DNA extraction that avoid using their soft tissue include DNA extraction from bivalve shells, such as the ligament (Gardner et al., 2012) and nacreous layer (Meyer et al., 2013) . Because the ligament is a tissue that connects the two shell plates, and the nacreous layer is underneath the surface of the shell, they are difficult to collect from living specimens without causing injury.
To establish a non-invasive method for extracting bivalve DNA, we focused on the water inside the mantle cavity. Bivalves usually retain this water for gas exchange and to prevent their soft body from drying within the mantle cavity. Because the waterfilled mantle cavity (WMC) is always in contact with the soft body, mucus, including epithelial cells originating from the individual, may be contained in the WMC. We hypothesized that the DNA released from individuals is extractable from the WMC. To test this hypothesis and develop a new method of extracting DNA from bivalves, we conducted four tests: (1) extracted DNA from the WMC of bivalve species living in seawater, brackish water and freshwater, and amplified several regions of the mitochondrial and nuclear DNA (nDNA) from these samples; (2) extracted DNA from the WMC of individuals that were still under water; (3) checked the WMC DNA for contamination from other individuals using PCR with species-specific primers; and (4) analyzed the mortality rate of individuals from whom WMC DNA was collected for 2 months after the experiment.
Materials and methods

Specimens
In this study, we extracted DNA from three marine species [the blood clam Anadara broughtonii (Schrenck, 1867), Pacific oyster Crassostrea gigas (Thunberg, 1793) and pearl oyster P. fucata (Gould, 1850)], two brackish species [the Manila clam Ruditapes philippinarum (Adams & Reeve, 1850) and Japanese basket clam Corbicula japonica (Prime, 1846)], and the freshwater mussel Nodularia douglasiae (Gray, 1833). We extracted WMC DNA from at least three individuals of each species. The numbers of individuals are shown in Supplemetary material S1.
Sampling of the WMC and DNA extraction First, we extracted DNA from the WMC of five bivalve species (A. broughtonii, C. gigas, R. philippinarum, C. japonica, and N. douglasiae). We used eight individuals of A. broughtonii, and four individuals of each of the other species for the WMC DNA extraction test. The sampling method is outlined in Fig. 1 . Before WMC sampling, each specimen was kept in an aquarium with filtered water, which prevented contamination from natural seawater, for at least 10 min. Then, individuals were transferred to the laboratory bench. After the shell was closed for 1 min, approximately 100 ll WMC was collected using a 1 ml syringe (Terumo) with a 23G needle (Terumo). Collected WMC samples were stored in a freezer at -30°C until use. After sample collection, sampled individuals were maintained in aquariums for 2 months. Following this, soft tissue samples (usually a piece of the mantle) were collected for DNA extraction to obtain a reference sequence. DNA extraction was performed using the Quick-DNA TM Miniprep Plus Kit (Zymo Research) according to the manufacturer's protocol. We measured the concentrations of DNA from the extracted WMC using a NanoDrop spectrophotometer (Thermo Fisher Scientific).
DNA amplification
We amplified several mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) regions from extracted WMC DNA. The primers used to amplify fragments of the COI gene, 16S rRNA gene, an imperfect tandem repeat from the mtDNA and the Histone H3 and 28S rRNA genes from the nDNA in the total extracted DNA, are shown in Supplemetary material S2. PCR amplification was performed in 10 ll reaction mixtures containing 5 ll KAPA 2G TM Robust HotStart ReadyMix (Kapa Biosystems), 1 lM each primer, 1 ll DNA template and 2 ll sterile deionized water. The reaction mixtures were preheated at 95°C for 3 min, followed by 30 amplification cycles (95°C for 15 s, 50°C for 15 s, and 72°C for 40 s) with a final 5 min extension at 72°C. For the PCR negative control, DNA was extracted from the 100 ll water before the specimens settled using the same DNA extraction kit; the seawater extract was used in place of the WMC template DNA. We prepared one negative control for each species. Then, 1 ll PCR product was examined by electrophoresis on a 1.0% agarose gel in TAE buffer at 100 V for 20 min. Direct sequencing of the PCR products was conducted externally (FASMAC).
Sampling of the WMC from individuals under water
We tested the extraction of DNA from the WMC of individuals living under water. C. gigas, which is a typical sessile bivalve species, was used for WMC DNA collection from individuals under water. We collected the WMC from four individuals attached to sub-tidal rocks in Onagawa Bay, Miyagi, Japan (Fig. 3) . We confirmed the presence of extracted DNA by PCR amplification of the mtDNA COI region. As a negative control, we used an extract from 100 ll natural seawater surrounding the oyster in place of the WMC DNA.
Contamination test
Finally, we analyzed the WMC DNA for contamination of DNA from other individuals. We prepared three aquariums that each contained three bivalve specimens: one individual each of A. broughtonii, P. fucata, and R. philippinarum in 10 l of filtered and aerated seawater. After settling in the aquariums for 12 h, the WMC was collected for DNA extraction from each individual. 1 ll DNA extracted from the WMC was checked for contaminating DNA from other individuals by PCR amplification using speciesspecific primers. Species-specific primers, which were designed in previous studies, amplified only the target DNA fragments from the target species (Supplemetary material S2). Therefore, if there were WMC DNA contamination from other species, the WMC DNA would be amplified not only by the specific primer for the WMC of the species examined but also by specific primers for the contaminating species. C Collected WMC from A. broughtonii. Uncontaminated WMC is in the tube on the left, and WMC contaminated with blood is in the tube on the right. Blood contamination is easily discernible according to the difference in color. In this study, we did not use WMC contaminated with blood
Results
Test 1: extraction of DNA from the WMC and PCR amplification
We confirmed that DNA was extracted from the WMC of A. broughtonii. A. broughtonii has red blood because it contains a hemoglobin-like protein (Furuta & Kajita, 1983) . This red blood is a good marker for blood contamination caused by needle injury (Fig. 1C) . Most samples (n = 7/8) were collected without causing bleeding, but one sample was contaminated with blood. To evaluate the DNA in the WMC, we only used WMC samples with no blood contamination. After PCR amplification, all regions (mtDNA: COI, nDNA: H3 and 28S rRNA) were successfully amplified (Fig. 2) . All DNA sequences were identical to the DNA extracted from the tissue. No sequences from other organisms were amplified from WMC DNA in the current study.
Next, we extracted DNA from the WMC of Crassostrea gigas, Ruditapes philippinarum, Corbicula japonica, and Nodularia douglasiae. We successfully amplified all three regions, as with A. broughtonii (Fig. 2) . No amplification was detected in the negative control using DNA extracted from water.
Test 2: extraction of WMC DNA from individuals under water WMC was collected from C. gigas individuals (n = 4) attached to a sub-tidal rocky shore (Fig. 3A, B) . The extracted DNA was successfully amplified by PCR, while no amplification was detected in the negative control (Fig. 3C ).
Test 3: contamination test
Using small, closed aquariums, we tested the WMC for contamination by DNA from other individuals. We settled three individuals of different species (A. broughtonii, P. fucata, and R. philippinarum) in 10 l seawater without filtration or water exchange for 12 h. Then we used species-specific primers for all three species to amplify each WMC DNA sample. All of the extracted DNA samples were successfully amplified by the appropriate species-specific primers, while no amplification was observed using the specific primers for the other species (Fig. 4) .
Test 4: survival test
All specimens used in this study except for the four C. gigas individuals used in test 2 survived for more than 2 months after the experiments (Supplemetary Fig. 2 PCR amplification of several DNA regions extracted from the WMC. M: DNA size marker (2-log DNA ladder; New England Biolabs), Ad: Anadara broughtonii, Cg: Crassostrea gigas, Rp: Ruditapes philippinarum, Cj: Corbicula japonica, Nd: Nodularia douglasiae, C: Negative control, mtDNA: mitochondria DNA, nDNA: nuclear DNA. We used 1% agarose gel material S1), including small species (e.g., the smallest C. japonica has a shell length of 10-15 mm).
Discussion
The results demonstrate that it is possible to extract DNA from bivalve WMC. Amplification of DNA extracted from the WMC revealed that both mtDNA and nDNA of species living in marine, brackish, and fresh water had been successfully amplified. We amplified not only short fragments such as the Histone H3 and CO I gene fragments (approximately 320 and 650 bp, respectively) but also relatively long fragments such as the 28S rRNA gene fragment (approximately 1500 bp; Fig. 2 ). Environmental DNA (eDNA), extracted from the water surrounding aquatic organisms, can be collected without causing injury (Clusa et al., 2017; Cowart et al., 2018) . However, eDNA is the DNA of an unspecified number of Fig. 4 Testing for contamination by PCR amplification using species-specific primers. A Amplification of partial fragments of the 16S rRNA gene using R. philippinarum primers. B Amplification of fragments of the imperfect tandem repeat using A. broughtonii primers. C Amplification of partial fragments of the 16S rRNA gene using P. fucata primers individuals. Furthermore, it quickly becomes fragmented (Sassoubre et al., 2016) and is difficult to obtain sequence data based on the longer fragments DNA of one individual. One benefit of our WMC method is that longer DNA fragments can be amplified from each individual. Therefore, we concluded that WMC DNA is suitable for genetic analyses.
Although our specimens had settled in filtered water, and the WMC could be exchanged for fresh water, the DNA was nevertheless extracted within 1 min of shell closure. Although the origin of the DNA in the WMC was not determined, the results indicate that sufficient DNA is released quickly into the WMC. In general, mollusks, including bivalves, release mucus in response to stresses such as attacks from predators and harmful chemicals (Davies & Hawkins, 1998) . Sources of WMC DNA may be released along with this mucus.
Removing sessile bivalve species from attached substrates can cause stress or physical damage that ultimately results in death. The results obtained in the field for the Pacific oyster demonstrated that WMC DNA can be collected from individuals under water (Fig. 3) . This method allows access to DNA from sessile bivalves without removal from substrates or removal from the water.
We also examined whether DNA contamination from adjacent individuals occurs via WMC exchange. As a result, no contamination was observed (Fig. 4) . Although the possibility of contamination cannot be eliminated, based on our results, the risk of DNA contamination from neighboring individuals is not high.
Although the A. broughtonii that bled also survived, WMC extraction using a needle may require practice to avoid injuring bivalves. However, the results of the survival test clearly suggest that our new method of DNA extraction from WMC is safe for bivalves. The physical invasiveness of conventional methods of DNA extraction from bivalve tissue has restricted genetic analyses of threatened species, rare species, important breeding lineages, and small individuals. However, genetic information on these species is required for analyses of diversity, phylogenetic relationships, and the presence/absence of alleles useful for conservation, stock management, and selective breeding. Our non-invasive method will facilitate the genetic study of these bivalves.
